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Abstract
To avoid unwanted beam-beam interactions, the two LHC beams cross at an angle in all experi-
mental interaction points. The choice of the crossing plane in the diﬀerent areas has fundamental
consequences on the eﬀects of the long range beam-beam interaction. Recent changes to the hard-
ware, i.e. introduction of a beam screen into the triplet quadrupoles, may limit this choice or
reduce the ﬂexibility. The consequences of diﬀerent crossing scenarios are presented in this re-
port. Other implications such as limitations to the correction possibilities and the ﬂexibility of
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1 Introduction
The CERN Large Hadron Collider (LHC) is designed for highest luminosity and
therefore requires an operation with high bunch intensities and a large number of bunches
[1]. The main limit on the bunch intensity will eventually come from beam-beam eﬀects. To
allow a maximum number of bunches, they are closely spaced (25 ns) and in order to avoid
unwanted collisions in the part where the two beams share a common vacuum chamber,
the beams must collide at a small crossing angle in all experimental interaction regions
[1]. This is provided by horizontal and vertical crossing angle bumps [3, 4]. However, this
does not avoid parasitic beam-beam interactions between the separated beams, so-called
long range interactions. These long range beam-beam eﬀects strongly aﬀect the beam
dynamics. Some of these eﬀects are predictable and measurable, and must be kept as
small as possible. Such are [2]:
• Tune spread inside a bunch
• Chromaticity spread inside a bunch
• Change of closed orbit of a bunch
All these eﬀects aﬀect single bunches, but because some bunches experience fewer long
range interactions (PACMAN bunches, see below and [9]), one has to expect diﬀerences
from bunch to bunch which can increase the necessary operational margins, e.g. in the
tune space. The choice of the crossing scheme has important consequences for all the
above.
1.1 General considerations of crossing schemes
It is well known that the beam-beam eﬀects for separated beams are diﬀerent










Figure 1: Layout of LHC beams and collision points.
have diﬀerent crossing planes in the two major high luminosity experiments. This should
signiﬁcantly reduce the bunch to bunch diﬀerences. The optical layout of the machine and
the design of the crossing angle bumps do not impose any constraints on the choice of
the crossing planes in the four experiments [3, 4] (Fig. 1). This is also true for interaction
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points 2 and 8 where experimental spectrometer magnets generate crossing angles in
the vertical and horizontal plane, respectively. However, to simplify the operation it was
agreed to follow the planes of these angles with the crossing angles necessary to separate
the beam-beam encounters. In interaction points 1 and 5, which are most important for
long range beam-beam eﬀects, the choice of the crossing plane is entirely free. Moreover,
the optical layout would allow to change the crossing planes easily. Recently, the foreseen
introduction of a beam screen into the triplet quadrupoles reduces the available mechanical
aperture and, because of its asymmetric shape, may require a permanent choice of the
crossing plane.
In this report I shall summarize the main diﬀerences arising from diﬀerent crossing
schemes and brieﬂy address other possible eﬀects which may inﬂuence the choice of the
crossing planes.
Although many of the concepts presented here can be found in earlier reports and
publications ([1] - [11]), I shall try to summarize all issues to give a coherent picture.
Furthermore, I shall answer some frequently asked questions giving a physical picture and
try to solve some open issues and misunderstandings.
1.2 PACMAN eﬀects
An eﬀect which is expected to play a very important role is caused by the bunch
ﬁlling pattern of the LHC, leading to so-called PACMAN eﬀects. The nominal bunch
ﬁlling pattern of the LHC is shown in Fig. 2. The pattern exhibits a fourfold symmetry
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Figure 2: Bunch ﬁlling scheme for the LHC.
and has 39 batches of 72 bunches each, i.e. in total 2808 bunch positions of a maximum
possible of 3564 are ﬁlled (harmonic number h=35640). The gaps between the batches are
required for the risetime of the injection and extraction kickers of the LHC injectors and a
large gap at the end is needed to allow for the risetime of the kicker of the beam dumping
system. Ideally the holes in the bunch train of one beam should meet holes of the other
beam. This is true for all head-on collisions in interaction points 1 and 5. However the
bunches at the beginning and end of a batch miss long range interaction because they
encounter empty bunch positions either before or after the head-on collision (see Fig. 3).
This left-right asymmetry cannot be avoided. In the worst case, i.e. for the ﬁrst or last
bunch of a batch near a large gap, only half of the long range interactions are encountered
[9]. Furthermore, in collision points 2 and 8 the large dump gap will meet a full batch and
reduce the number of long range collisions of some bunches further. The maximum and














Figure 3: Origin of PACMAN eﬀects.
gap some bunches will miss also head-on collisions. Furthermore, the interaction point 8 is
moved longitudinally by 3 half bunch spacings, adding further missing head-on collisions
to the interaction schedule and leaving bunches with only 2 out of 4 nominal head-on
collisions. It is clear that all these bunches experience a very diﬀerent accumulated beam-
beam eﬀect which may lead to diﬀerent dynamics and, in the worst case, diﬀerent life
times. For beam measurements it is also important to have a reproducible reference and
ideally one should use the nominal bunches.
Orbit, tune and chromaticity corrections aﬀect always the whole beam and there-
fore cannot compensate bunch to bunch diﬀerences, unless a correction system is used
which is fast enough to act on individual bunches or fast enough along a batch (i.e. a few
MHz). To evaluate these eﬀects I consider only the low β interaction regions since they
are most relevant for long range eﬀects. I shall use the term ”horizontal-horizontal” when
the crossing planes are horizontal in both interaction regions, and the term ”vertical-
horizontal” when the beams cross vertically in IP1 and horizontally in IP5.
2 Detuning and footprints
To evaluate the strength of beam-beam interactions, a standard tool is to compute
the tune footprint, i.e. the two dimensional tune of a particle as a function of its amplitude
[5]. The spread shown by such a footprint is a measure for the detuning with amplitude
and therefore the strength of the non-linear beam-beam interaction. Such footprints are
shown in Fig. 4 where I show the footprint for nominal bunches (i.e. bunches with all
head-on (2) and all long range interactions (60)) and the extreme PACMAN bunches (i.e.
minimum number of long range interactions (30) and 2 head-on collisions). The footprints
are computed for the nominal parameters and bunch intensities. The calculation was done
using the newly developped MAD-X program [6]. Two footprints correspond to a crossing
scheme with both crossings (IP 1 and 5) in the horizontal plane. The other two ﬁgures
show the footprints for one vertical and one horizontal crossing with otherwise identical
parameters.
In the case of only horizontal crossings the PACMAN footprint is displaced with
respect to the footprint of regular bunches. This is due to the ﬁrst order tune shift which
is diﬀerent for the diﬀerent bunches with fewer long range interactions. This tune shift
is compensated when the bunches collide in the alternating crossing scheme and the
PACMAN footprint is now in the shadow of the regular footprint, reducing signiﬁcantly
the overall tune space. Furthermore, the footprint is symmetric in the two planes. This
is clearly not the case for only horizontal crossings, as one can very clearly see in Fig. 4,


























Figure 4: Tune footprint for horizontal-horizontal (regular bunch blue, PACMAN bunch
magenta) and vertical-horizontal (regular bunch red, PACMAN bunch green) crossings.
Left ﬁgure amplitudes up to 4 σ, right ﬁgure up to 6 σ
2.1 Crossing at 45 degrees
While an alternating crossing scheme minimizes the bunch to bunch variations,
crossing at 45 degrees can also minimize the spread inside a bunch, as shown in Fig. 5.
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Figure 5: Tune footprint for crossing at 45 and 135 degrees, amplitudes up to 4 σ.
between the planes and may increase the operational diﬃculties.
These side eﬀects have not been studied in detail and this option is at present not
the ﬁrst choice.
3 Orbit eﬀects
The beam-beam kicks of the parasitic interactions distort the orbits of the indi-
vidual bunches due to the coherent dipolar component of the kick. Since the collision
pattern is diﬀerent for diﬀerent bunches, the orbits of all bunches are slightly diﬀerent. As
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Figure 6: Horizontal oﬀset in IP1 with horizontal-horizontal crossing. Beam 1 (”forward
beam”) and beam 2 (”backward beam”) are shown on top of each other.
with a small oﬀset. The Fig. 6 shows the horizontal orbit as predicted for interaction point
1 (IP1) for the case of only horizontal crossings. I show only one fourth of the whole train
since the ﬁlling structure resembles an almost fourfold symmetry. The two beams of the
LHC are shown separately and it is clear that not all bunches in the two beams can col-
lide head-on. The orbit spread in each beam is around 2 µm for the nominal parameters,
corresponding to approximately 15% of the beam size at the interaction point.
3.1 Details of the orbit eﬀects
The details of the orbit deviations along a batch are not intuitive on the ﬁrst sight,
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Figure 7: Horizontal oﬀset in IP1 with horizontal-horizontal crossing. Details in ﬁrst batch
with and without encounters in triplet. (Beam 1 only).
details of the orbit deviations in IP1 in the ﬁrst batch, once for all (2 times 15) long
range encounters and secondly only for those which happen in the drift space between the
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Figure 8: Horizontal oﬀset in IP5 with horizontal-horizontal crossing. Details in ﬁrst three
batches. Indicated bunches have all the same number of long range interactions (i.e. 22),
but at diﬀerent positions. Leftmost and rightmost bunches miss 15 long range interactions.
eﬀects are very regular and left-right antisymmetric, and obviously exhibit only 8 non-
regular bunches. The unexpected ”bump” feature on the right part when the full length
is considered is a combination of two eﬀects. First, between two batches 8 bunch positions
are missing unless it is the last or ﬁrst batch of the group of 3 or 4 batches, in which case
38 or 39 bunches are missing, respectively (see Fig. 2). Secondly, this gap of 8 bunches is
enough to miss out long range encounters in the drift space, but not those in the triplet.
Therefore the last and ﬁrst 8 bunches (encircled in Fig. 8) all have 22 long range collisions
however at diﬀerent positions in the triplet magnets where the separation and beam sizes
are diﬀerent at every encounter. When a gap of 38 or 39 bunches is encountered, a bunch
can miss all encounters on one side of a collision point, thus having only half the total
number of long range interactions ( i.e. 15). This can be seen in Fig. 8 where I show the
orbits along three consecutive batches. For the central batch (8 missing bunches before
and after) the bump feature appears at both ends.
The diﬀerent size of orbit deviations of leading or trailing bunches in a batch is
due to the phase advance between the interaction points 1 and 5 and the machine tune.
Obviously this is only relevant for equal crossing planes in the two experiments.
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3.2 Eﬀect of intensity variations
It is expected that the bunch-to-bunch intensity can vary with a r.m.s. of at least
10% of the nominal intensity [12]. With the TRAIN program [11] it is possible to ﬁnd
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Figure 10: Horizontal oﬀset in IP1 with horizontal-horizontal crossing. Intensity variations
of 20% included.
10 show the orbits in IP1 along one fourth of the bunch train assuming 10% and 20%
intensity ﬂuctuations. The original structure of the orbits is preserved, showing small
statistical ﬂuctuations. Finally, the Figs.11 to 13 show the equivalent orbit eﬀects in
the interaction point 5. All features are similar to those in IP1 except an exchange of
beam 1 and beam 2 due to the betatron phase advance diﬀerences ∆µ1→5x and ∆µ
5→1
x .
For ∆µ1→5x = ∆µ
5→1
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Figure 13: Horizontal oﬀset in IP5 with horizontal-horizontal crossing. Intensity variations
of 20% included.
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3.3 Vertical and horizontal crossing
A more symmetric structure is expected when the crossing is vertical in IP1 and
horizontal in IP5. The orbits along the batches should exhibit the features of those of a
single interaction point. The horizontal orbit deviations in IP1, originating in IP5, are
shown in Figs.14 to 16, again for diﬀerent intensity ﬂuctuations. The reasoning for the
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Figure 15: Horizontal oﬀset in IP1 with vertical-horizontal crossing. Intensity variations
of 10% included.
in Figs.17 to 19 show a new structure: the orbits of beam 1 and beam 2 are identical and
the bunches can therefore be collided head-on, although not on the central orbit. This
can easily be understood by simple symmetry considerations. Most long range encounters
happen at a phase advance of about π
2
to the interaction point and therefore create an
antisymmetric bump, i.e. a crossing angle that is zero at the centre when the accumulated
kicks are the same on both sides of the central interaction point. Missing kicks produce
a small oﬀset, however it is identical for equivalent, (i.e. colliding) bunches of the two
beams.
For symmetry reasons the trailing and leading bunches now show the same eﬀect,
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Figure 25: Vertical oﬀset in IP5 with vertical-horizontal crossing. Intensity variations of
20% included.
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4 Slope at interaction point
Not only the orbit, but also the slope (angle) at the interaction point is diﬀerent
for the diﬀerent bunches. The Figs.26 to 29 show the calculated slopes in IP1 and IP5 for
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Figure 27: Horizontal slope in IP1 with vertical-horizontal crossing.
the second interaction point. The Figs.28 and 29 show that the spread of the slope along
the batch is approximately twice as big in the equal crossing plane scenario. Possible
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Figure 29: Horizontal slope in IP5 with vertical-horizontal crossing.
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5 Tune and chromaticity
It was already demonstrated in Figs.4 and 5 that the central tune of PACMAN
bunches is shifted relative to the regular bunches. The TRAIN program [11] can be used
to calculate this tune change self-consistently.
5.1 Tune spread
The Figs.30 and 31 now show the horizontal and vertical tune variation along the
ﬁrst three batches for both, horizontal-horizontal and vertical-horizontal crossing planes
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Figure 30: Horizontal tune variation along the batch. Horizontal-horizontal crossing in













Bunch number along bunch train
"hh_tune_f_0.00.list" using 1:4
"hv_tune_f_0.00.list" using 1:4
Figure 31: Vertical tune variation along the batch. Horizontal-horizontal crossing in red,
vertical-horizontal crossing in green.
compensated in the case of vertical-horizontal crossing planes, the variation along the
batch is substantial for the horizontal-horizontal crossing. The results are summarized
in Tab. 1 where I give the maximum tune spread between the bunches along the train
for the three diﬀerent conditions and for the two crossing schemes. Even for identical
intensities the tune spreads are large enough ( ≈ 0.0025) to be a worry. Obviously the
signiﬁcance of the diﬀerences become smaller when the ﬂuctuations dominate, but for
10% the tune spread is still twice as big. One has to remember that the shift above is the
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Figure 32: Horizontal tune variation along the batch. Horizontal-horizontal crossing in













Bunch number along bunch train
"hh_tune_f_0.10.list" using 1:4
"hv_tune_f_0.10.list" using 1:4
Figure 33: Vertical tune variation along the batch. Horizontal-horizontal crossing in red,
vertical-horizontal crossing in green. Intensity variations of 10% included.
be added to evaluate the necessary space in the working diagram. As a side result one















Bunch number along bunch train
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Figure 34: Horizontal tune variation along the batch. Horizontal-horizontal crossing in













Bunch number along bunch train
"hh_tune_f_0.20.list" using 1:4
"hv_tune_f_0.20.list" using 1:4
Figure 35: Vertical tune variation along the batch. Horizontal-horizontal crossing in red,
vertical-horizontal crossing in green. Intensity variations of 20% included.
Table 1: Tune variation along bunch train
Crossing scheme ∆I ∆Qx ∆Qy
Horizontal-horizontal 0.0 % 0.00256 ± 0.00005 0.00251 ± 0.00005
Horizontal-horizontal 10.0 % 0.00372 ± 0.00010 0.00362 ± 0.00010
Horizontal-horizontal 20.0 % 0.00505 ± 0.00005 0.00476 ± 0.00010
Vertical-horizontal 0.0 % 0.00003 ± 0.00002 0.00009 ± 0.00004
Vertical-horizontal 10.0 % 0.00182 ± 0.00003 0.00186 ± 0.00003
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Figure 36: Horizontal chromaticity variation along the batch. Horizontal-horizontal cross-



















Bunch number along bunch train
"hh_tune_f_0.00.list" using 1:6
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Figure 37: Vertical chromaticity variation along the batch. Horizontal-horizontal crossing
in red, vertical-horizontal crossing in green.
The results are summarized in Tab. 2 where I give the maximum chromaticity




















Bunch number along bunch train
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Figure 38: Horizontal chromaticity variation along the batch. Horizontal-horizontal cross-



















Bunch number along bunch train
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Figure 39: Vertical chromaticity variation along the batch. Horizontal-horizontal crossing



















Bunch number along bunch train
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Figure 40: Horizontal chromaticity variation along the batch. Horizontal-horizontal cross-



















Bunch number along bunch train
"hh_tune_f_0.20.list" using 1:6
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Figure 41: Vertical chromaticity variation along the batch. Horizontal-horizontal crossing
in red, vertical-horizontal crossing in green. Intensity variations of 20% included.
Table 2: Chromaticity variation along bunch train
Crossing scheme ∆I ∆Qx’ ∆Qy’
Horizontal-horizontal 0.0 % 0.6906 ± 0.0020 0.8144 ± 0.0020
Horizontal-horizontal 10.0 % 0.8021 ± 0.0030 0.8491 ± 0.0030
Horizontal-horizontal 20.0 % 0.9292 ± 0.0040 0.9055 ± 0.0040
Vertical-horizontal 0.0 % 0.1710 ± 0.0010 0.1417 ± 0.0010
Vertical-horizontal 10.0 % 0.2343 ± 0.0020 0.1815 ± 0.0020
Vertical-horizontal 20.0 % 0.3000 ± 0.0030 0.2253 ± 0.0030
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6 Requirements for a compensation
The compensation eﬀects discussed so far require a certain symmetry in the layout
and the basic conditions for a good compensations are:
• Two low β experiments
• Opposite in azimuth
• Similar optical layout.
The long range eﬀects mainly originate in low β interaction regions [5] and for a com-
pensation two of such interaction regions are required. Ideally they should be opposite
in azimuth because in that case the same pairs of bunches which have encounters in one
interaction region will have interactions in the second region (Fig. 1). Fluctuations of the
intensity and emittance have therefore little eﬀect on the quality of the compensation.
The strength of these interactions depends mainly on the separation, normalized to the
transverse beam size. It can be shown that in the drift space between the collision point












The long range interactions are therefore most important in the high luminosity, i.e. low
β∗ interaction regions. The two experiments can be operated with diﬀerent β∗ when the
crossing angle is changed to keep the normalized separation constant (i.e. approximately
the same in the two experiments), and the ratio of the β∗ is not too large (≤ 2). Obviously

























Figure 42: Tune footprint for vertical-horizontal (regular bunch red, PACMAN bunch
green) crossings. Left ﬁgure with crossing angles of (142 µrad, 158 µrad). Right ﬁgure with
crossing angles of (127 µrad, 173 µrad). The β∗ was not adjusted to keep dsep constant.
regular and PACMAN bunches when the crossing angles in the interaction regions 1 and
5 are not equal. In the ﬁrst case I have used 142 µrad in IP1 and 158 µrad in IP5. In the
second case 127 µrad in IP1 and 173 µrad in IP5. The tune was not corrected and therefore
the footprints occupy a diﬀerent place in the tune space. As expected the relative origin
of the footprints is shifted away more and more when the symmetry is broken. The β∗
was not adjusted to keep dsep the same and therefore the compensation is not complete.
However even for the second case the compensation is suﬃcient to avoid any increase of
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the required tune space. Although hardly visible, the size of the footprint is increased by
6.5% for the second case, exactly as expected.
This demonstrates, that a signiﬁcant change of the crossing angle can be accom-
modated before the adjustment of β∗ is necessary, provided the total footprint is not
increased too much.
7 Eﬀects of linear imperfections on the compensation
The compensation of PACMAN eﬀects between the two interaction regions works
best for the ideal machine. In practice we have to expect linear and non-linear imper-
fections in the machine. Imperfections that act on all bunches in the same way (e.g. a
global orbit, global tune shift etc. ) are less important, although they are vital for the
dynamic aperture. The geometrical and optical imperfections in the region of the long
range interactions, i.e. the common part of the vacuum chamber, however may aﬀect this
compensation. (See section on conditions for compensation). For the evaluation I have
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Figure 43: Orbits before correction.
applied a standard set of imperfections [13] and applied correction procedures similar to
those required for the operation of the machine, such as:
• Orbit corrections with and without sextupoles
• Adjustment of the tunes of the two beams to the nominal values
• Adjustment of the collision oﬀset with a predeﬁned ”knob”
The crossing angles where not matched, but rather a standard set of strengths was loaded
and adjusted with such a knob since a matching would have restored the almost ideal
situation. Examples for the horizontal and vertical orbits before and after the correction
procedure are shown in Figs.43 and 44. Before the correction the peak-to-peak orbits
are close to 100 mm and the r.m.s. around 10 mm. The correction was done with and
without sextupoles. Since the orbit correction uses a linear model, it had to be done in
several (four) iterations. The orbit correction was stopped when the r.m.s. was better than
1 mm, although a much better correction (below 0.1 mm) was possible. This was done
deliberately to evaluate the eﬀect of rather bad orbits. The quality of the orbit correction
is mainly limited by the availability of the beam position monitors, possible scaling errors
and monitor misalignment. All this can now easily be simulated in MAD-X [14] but I
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Figure 44: Orbits after correction and IP adjustment.
have chosen a rather conservative value. A full simulation will be done in a later study.






























Figure 45: Footprints for regular and PACMAN bunches. Vertical-horizontal crossings
with imperfections. Left ﬁgure long range only in 1 and 5 (two diﬀerent seeds, tune not
adjusted). Right ﬁgure head on and long range in 1 and 5 for one seed.
for long range interactions only and for the full interaction schedule. However in all cases
the footprint of the PACMAN bunches remains in the shadow of the regular bunches.
The compensation is rather robust against imperfections when the interaction region is
adjusted to give collisions. This was already shown in Fig. 42 when diﬀerent crossing
angles in IP1 and IP5 were simulated. This asymmetry corresponds to a β-beating of
more than 25%. A more detailed study of beam-beam eﬀects together with imperfections
is under way.
24
8 Range of corrections of the interaction point
The position of the beams near the interaction points needs to be changed in order
to account for:
• Adjustment of the collision
• Centering of the collision point in the detector
• Compensation of relative movements of machine or detector
It must be expected that a sinking of the detector is more likely than a move sideways. It is
therefore important to have enough correction strength and aperture available to correct
for such a movement before an alignment of the machine can be done. Such corrections
must be possible independently for the two beams and it can be shown [3] that about
1 mm movement can be handled.
However, it should be noted that a transverse oﬀset of the vertex, i.e. the collision
points of the two beams, from the central position has a signiﬁcant eﬀect on the separation
[8, 15]: oﬀsetting the vertex causes asymmetric orbits of the two beams in the inner triplet
magnets. This leads to either increased or decreased separation. An increased separation
and therefore a smaller tune footprint is the result of an oﬀset vertex towards the inside





















Figure 46: Footprints for regular bunches. Vertex is oﬀset from the centre by 0, 1 and 3
mm. Left ﬁgure towards outside, right ﬁgure inside.
outside or upwards decreases the separation and must be avoided [8]. This is illustrated
in Fig. 46 where I show the footprints obtained for 0, 1 and 3 mm oﬀset towards the
inside and outside for a single horizontal crossing. An equivalent picture can be obtained
for vertical displacements. Shifts of more than 1 mm in the wrong direction are very
undesirable. Together with the strength limitation this gives an upper limit of the range
of possible adjustment.
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9 Evaluation of dynamic aperture
A vital input for the choice of the crossing schemes is the evaluation of the dynamic
aperture under the diﬀerent conditions. Since the main diﬀerence between the crossing
schemes is in the compensation of PACMAN eﬀects, the usual computation by tracking
particles of nominal bunches is not meaningful1). Because the positions of the footprints
in the tune diagram are diﬀerent for the diﬀerent crossing schemes, the results can be
further obscured and become irrelevant if the tune is not corrected. Moving to a diﬀerent
tune is not suﬃcient to simulate this eﬀect: we believe that long range interactions have
a detrimental eﬀect on the beam dynamics and a tune shift cannot account for missing
out half of these interactions. Moreover, the optimal working point may not be the same
for the various options. I therefore propose the following scenario for a calculation of the
dynamic aperture by tracking:
1 Track all options for nominal conditions.
2 Find the best working point for each option.
3 Calculate the self-consistent parameters.
4 Track particles from extreme and intermediate PACMAN bunches, taking into
account the information obtained by the self-consistent calculation.
10 Vertical dispersion
A vertical crossing angle bump creates vertical dispersion around the ring which
cannot be corrected or minimized easily, contrary to the horizontal dispersion from the
horizontal crossing angles. Since vertical dispersion can originate from both, IP1 and IP2,
they can add up or partially compensate each other, depending on the phase advance. In
the ﬁrst case the maximum vertical dispersion is approximately 1.50 m and in the second
case 0.90 m. However, selecting the compensating polarities of the crossing angles does
not help since either beam 1 or beam 2 will always feature the larger value. Moreover, it
is planned to operate the spectrometer magnet in IP2 for both polarities which requires
to change the polarity of the crossing angle in IP2.
11 Other considerations for the choice of the crossing scheme
Other issues may be important which are not related to beam dynamics and those
may come from the experiments or constraints from the machine hardware.
11.1 Requirements from the physics programme
11.1.1 Equalization of luminosity
It is essential and a strong requirement from the experiments to have an equal
chance to reach the same level of performance. A design which potentially leads to a
lower luminosity or higher background in one of the experiments is not acceptable.
11.1.2 Special running requirements
Special conditions are foreseen for the TOTEM experiment. Running at low lumi-
nosity with a high β∗ optics requires no crossing angle since only one bunch per batch is
foreseen. When TOTEM is run at high luminosity, i.e. with a crossing angle, no impact
on the physics analysis and programme is expected [16] for both options.
1) Obviously this type of tracking is essential to evaluate the dynamic aperture, but should not be used
alone to study diﬀerences between crossing schemes
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However, it must be kept in mind that with a crossing angle not all bunches have
the same slope and the details are given above. This may need attention when small angle
scattering is studied.
11.2 Requirements from beam instrumentation
11.2.1 Luminosity measurement
Monitors will be installed to measure the luminosity. The design needs the prior
knowledge of the crossing planes and crossing angles.
11.3 Requirements from machine protection
11.3.1 Diﬀerent quench limits
Since the vertical and horizontal crossing schemes are not identical, a diﬀerent
energy deposit may be expected in the triplet quadrupoles [17, 18]. In the worst case this
could result in diﬀerent quench limits which would require the downward adjustment of
the crossing angle. This may lead to a higher β∗ and a lower luminosity in one experiment.
These studies are ongoing.
12 Summary
The implications of diﬀerent crossing schemes for the LHC high luminosity regions
were studied and signiﬁcant diﬀerences were found which may be important for the choice
of the crossing planes. The optical design of the crossing schemes allows to easily change
the crossing planes in the experimental regions 1 and 5. However, the foreseen installation
of a beam screen would exclude the free choice of the crossing planes since the available
aperture becomes asymmetric. This may require to ﬁx the crossing planes at an early
stage where possible limitations are not yet relevant.
For high luminosities and therefore high intensities an alternating scheme seems
to be important to keep the bunch to bunch ﬂuctuations small. Alternating crossing
schemes have the disadvantage of vertical dispersion and breaking the symmetry between
the experiments in IP1 and IP5. In a very unlikely, however possible case this could
lead to diﬀerent running conditions for the two experiments which is a very undesirable
situation. However, with the present knowledge and technology, the alternating scheme is
mandatory for the highest luminosities.
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